As embryologists know, context is everything. The same genes that give rise to a hair follicle on a wrist can give rise to a podocyte in the kidney or a neuron in the brain. The metamorphic hormone thyroxine can tell one cell to differentiate while telling its neighbouring cell to die. Conrad Hal Waddington's 'Epigenotype' paper in Endeavor 1 has to be seen in several contexts. The first is political and has to do with scientific management. It is 1941, the peak of World War II. Britain is being pounded, and it pounds back. B. Power and C.P. Snow enlist science and scientists for military service, and the Tots and Quots club, which included such public scientists as Solly Zuckerman, J.D. Bernal and C.H. Waddington, envisage science playing increasingly important roles in high-level war planning and in the operation of the national economy. 2 Integration, teamwork and alliances had to be planned and generated, and a new concept, 'operations research', 3 was to provide scientific management for the public good. Operations research: how does one coordinate different decisions so that they generate a coherent desired output? How do you go from parts to wholes? How does one mediate between competition and cooperation? These constitute an appropriate set of problems for an embryologist such as C.H. Waddington; for the embryo knows how to do such things. Development is the coordination of myriads of individual decisions (divide or not divide; become ectoderm or mesoderm; form a leg or an arm; differentiate or die) into a breathing, digesting, moving whole, capable of reproducing. Wartime operations research provides one of the contexts in which Waddington writes an article on 'The Epigenotype'.
And there is an academic political context, as well. 4, 5 Experimental embryology has just had its Golden Age, and it has stalled. The Organizer work of the Spemann laboratory, the gradient work of the Hörstadius laboratory, the concepts of morphogenetic field and the laws of Gestaltungsgeschichte had given high hopes that the language of development could be deciphered. However, the methods of experimental embryology could not take it further. Moreover, as a discipline with its soul in central Europe, it had ceased to function, and its infrastructure would be demolished in the post-war period. Genetics, too, had just had its Golden Age. T.H. Morgan's laboratory had provided a paradigm and an organism that focused genetics into the mapping of loci whose alleles segregated at particular and precise ratios in Drosophila melanogaster. However, these techniques had also run their course. Drosophila genetics had all but stalled, and genetics was becoming more and more the province of microbiologists.
There was frustration on both sides. 5 Morgan had separated the two fields in 1926, stating that genetics was to study the transmission of hereditary traits, whereas embryologists were to study the expression of those traits. But the embryologists were not much interested in genes. Development occurred in the cytoplasm, and if all cells had the same nuclear genes, then they could not be the difference that distinguished cell types. 6 Moreover, with the exception of a well-known mutation involved in snail coiling, and some lesser known ones in mouse tail formation, there was not much evidence that genes did anything in the embryo but fine-tune the developmental flow. As R.G. Harrison, 7 in his 1937 AAAS address, had written, 'the embryologist . . . is more concerned with the larger changes in the whole organism and its primitive systems of organs than with the lesser qualities associated with gene action'. Harrison also mentions his younger embryological contemporary, E.E. Just, putting the idea more concretely, stating that he was more interested in how the embryo made a back than in the formation of the bristles on the back and more interested in the developmental construction of the eye than in the synthesis of eye pigments.
In 1934, when Morgan 8 published his Embryology and Genetics, biologists were waiting for the re-synthesis of these fields. It did not happen. Boris Ephrussi wrote of a conversation he had with the author:
I said I found the book very interesting, but I thought that the title was misleading because he did not try to bridge the gap between embryology and genetics as he had promised in the title. Morgan looked at me with a smile and said, 'You think the title is misleading! What is the title?' 'Embryology and Genetics', I said. 'Well,' he asked, 'is not there some embryology and some genetics?' This shows how polarized I was on the gap between embryology and genetics, and how anxiously I was waiting for somebody to bridge it. 9 Whereas most biologists expected and desired a re-synthesis of these fields, many embryologists actually feared such a re-synthesis. In any merging of these disciplines, they thought, the geneticists would take over. Using rhetoric that reflected the military anxieties of his day, embryologist R.G. Harrison 7 wrote, 'Now that the necessity of relating the data of genetics to embryology is generally recognized and the ''Wanderlust'' of geneticists is beginning to urge them in our direction, it may not be inappropriate to point out a danger in this threatened invasion. ' One of the most successful attempts to bring the sides together was made by C.H. Waddington 10 Genetics, he claimed, was simple because it concerned itself merely with getting a fertilized egg carrying the particular alleles.
1 Embryology was more difficult. While geneticists were content with saying that XX individuals are females and XY individuals are males, it is the embryologist who needed to discover the mechanisms by which an XX karyotype causes gonadal anlagen to become ovaries and how an XY karyotype turns the gonadal primordial into testes.
Waddington wanted to reformulate embryology through a merger with genetics. Development, he said, was the path from genotype to phenotype. It was progressive and therefore often called 'epigenesis'. [10] [11] [12] [13] The term 'development' could also mean evolution; and many biologists preferred to call individual development either 'epigenesis' or 'ontogeny'. The study of the mechanisms by which genes guided epigenesis/development was therefore to be called 'epigenetics', a portmanteau noun created by fusing the names of these two sciences. The set of these epigenetic processes used by an organism to generate a phenotype from a genotype is thereby referred to here as the 'epigenotype'. 13 (Note that the 'epi' of 'epigenetics' and 'epigenotype' is not the Greek prefix signifying 'above'-as in epidermis. This is a later re-defining of 'epigenetics' to denote the formatting of the genes such that they become expressed or not expressed in particular contexts. This usage of 'epigenetics' comes long after DNA was discovered to be the basis of the hereditary material.) One can think of the modern translation of Waddington's 'epigenetics' as being 'developmental genetics'. It is more difficult to provide a modern definition for Waddington's 'epigenotype'. This term would be, in today's parlance, 'the interactive developmental genetic toolkit'. Waddington used it to denote that set of conditions that distinguish the cells that form, say, the eye from those conditions that form other organs, such as the nose. In using this term, Waddington 11, 12 expands the genetic notion that 'phenotype equals genotype þ environment' into a developmental notion that 'phenotype equals genotype þ epigenotype þ environment'.
In his 1939 Introduction to Modern Genetics
11 (p. 156), Waddington gives a more detailed, but still vague, definition:
One might say that the set of organizers and organizing relations to which a certain piece of tissue will be subject during development make up its 'epigenetic constitution' or 'epigenotype'; then the appearance of a particular organ is the product of the genotype and the epigenotype, reacting with the external environment. In [embryological] transplantation experiments . . . it is the epigenotype that is being altered.
The term 'epigenotype' did not last long. It was difficult to convey that 'tertium quid' that generated the phenotype from genotypic guidance. It was the historical sequence of contexts that a cell would experience as it integrated new signals into its past history. I believe that Waddington abandoned 'epigenotype' soon after the Endeavor paper. Rather, in 1940, Waddington 10 started substituting for it another idea that would last a lot longer-the epigenetic landscape, 'the symbolic representation of developmental processes. ' But how do the genes relate to developmental processes? What does the epigenotype do to create organs from the genetic material's instructions? What Waddington summarizes in this three-page paper is a truly revolutionary view of biology. It is a précis of his huge 1940 paper in the Journal of Genetics, 14 and it is designed for a larger audience than just the geneticists. What was so important about this article? As Jonathan Bard 15 has pointed out, 'Before Waddington, genes had very little to say about development; Waddington was the first to say explicitly that the development of a phenotype (epigenesis) is the sum of genetic expression and tissue interactions.' What Waddington had presented was nothing less than the first detailed genetic pathway of organ development. So Waddington's view of development is very different from that of most embryologists. To understand development, he is claiming, you have to have a detailed knowledge of genetic mutations-not just one mutation, mind you, but several. Moreover, you have to be able to link the expression of these genes to precise moments of organ development. 15, 16 This is why Waddington chose the fly wing. It is a relatively simple two-epithelia organ that can be studied by visual observation. (His friend and pioneering developmental geneticist, S. Glueckson-Schoenheimer, was trying to do a similar analysis of mouse embryonic mutants; but phenotypes of these could not be visually observed, could not be generated readily and had to be studied using detailed microscopy.) The first part of the article summarized here is a detailed description of normal fly wing development. The second portion of the paper identifies 38 specific mutations that cause aberrant wing formation at 16 particular times and places. Waddington's conclusions, then, were, first and foremost, that genes are responsible for guiding the mechanics of development. That is an astounding conclusion and a paradigm-changing idea. Secondly, genes act together to cause particular phenomena to take place. One must look, therefore, at 'sets' of genes. The newly formulated 'one-gene-one protein' view could not be extrapolated into a one-gene-one process account of development. And thirdly, Waddington was able to demonstrate that genes act during development and that they do not merely 'fine-tune' an autonomous developmental trajectory.
Mutations, Waddington proposes, can be viewed as 'natural experiments', and should be confirmed by the investigator's doing such laboratory experiments where wild-type organisms are manipulated to produce similar phenotypes. Thus, genetics and embryology can be re-unified. Indeed, these two fields must be re-unified if we are to understand how a particular genotype guides or instructs the generation of a particular phenotype. Waddington is the matchmaker who 1 announces 'the analysis of the effects of genes has now progressed far enough to become merged with experimental embryology. The two methods of analysis whose rapproachment has so long been no more than a pious hope can now actually and in practice come together in an attack on the still unsolved problems of the epigenotype'. This is nothing less than the marriage announcement of embryology and genetics and their formation of a new discipline, developmental genetics.
